In an attempt to identify the performance limiting factors of green GaInN/GaN light emitting diodes (LEDs) we analyze a large number of LED dies fabricated from over 160 epitaxy runs covering the wavelength range from 390 -580 nm on a quantitative scale of the emission power. As a function of drive current, we analyze the external quantum efficiency (EQE) with particular emphasis on the low current range. We observe three very distinct populations of EQE behaviors. We find that the EQE maximum value has a strong correlation with the forward current in this point, while it has weak correspondences with both, the forward voltage in this point, and the dominant wavelength at 20 mA. The very good linear relationship between the forward voltage in green LED dies at 1 mA and at 20 mA is also observed. All those characteristics are meaningful traits to ultimately converge to a physical electronic transport and bandstructure model for the next step enhancement of green and deep green GaInN/GaN LED performance.
INTRODUCTION
Performance of light emitting diodes (LEDs) for the purpose of solid state lighting is readily expressed in device efficacy and closely related to the external quantum efficiency (EQE). While GaInN/GaN quantum well LEDs have the potential to cover the entire visible light spectrum and the near UV [1, 2] , considerable variation of EQE is generally observed as a function of emission wavelength. [3] In particular, the green spectral range (505 -555 nm) shows a significant lag in emission power, characterized by EQE in the range of 10 % only. [3] Different from the AlGaInP system used for red LEDs, AlGaInN LEDs exhibit their highest EQE values at very low current densities, typically near 2 -20 A/cm 2 . At the targeted operation conditions for power devices (~200 A/cm 2 ), EQE typically falls to 30 -50 % of its maximum value. [3, 4] Accurate numbers are a strong function of both, the emission wavelength and epitaxy process variations. Here we systematically analyze the electroluminescence spectrally and quantitatively of a large set of GaInN/GaN LED dies fabricated from over 160 epitaxy runs covering the wavelength range from 390 -580 nm. For quantitative output measurements, a 2-inch integrating sphere was used to collect the LED emission into the full 4π steradians. The light was guided to a compact spectrometer with integrated CCD detector by a standardized optical fiber. The optical response of the entire detection system was properly scaled to the response of a white-light spectrum source with NIST-traceable calibration. A large dynamic range of the output measurement over four orders of magnitude was achieved by automated averaging of weak signals and dark signal suppression. The emitted spectrum was automatically analyzed in terms of peak wavelength, dominant wavelength, linewidth, spectral emission power, total emission power, luminous flux, and quantum efficiency.
EXPERIMENTAL

RESULTS AND DISCUSSION
We have analyzed a large number of GaInN/GaN LED dies fabricated from over 160 epitaxy runs covering the wavelength range from 390 -580 nm on a quantitative scale of emission power. Fig. 1 shows EQE as a function of drive current for a selected subset of dies. In Fig. 1 (a), dies with different dominant wavelength are shown on a logarithmic current scale. Apparently independent from the emission wavelength, efficiency rises rapidly with current until it reaches a maximum in the range 1 -10 mA in our dies (2 -20 A/cm 2 ). At these currents, EQE values of 2 -7 % are being reached in these unencapsulated bare dies. Full standard encapsulation doubles the light output and flip-chip packaging typically increases performance by another 50 %. [4, 6, 7] This indicates that total EQE values of 25 % at 526 nm are achievable within these samples. For higher current, EQE tends to fall by 30 -50 % from its maximum value. The cause of this relative performance reduction is the focus of our ongoing efforts to improve overall device output. For better understanding of the EQE behavior, we performed more detailed investigations on green LED dies. We observe three very distinct populations represented by the following three samples ( Fig. 1 (b) ): in the first (Die C), EQE reaches a maximum of 2 % near 10 mA and exhibits only a slight reduction towards higher current density; in the second case (Die A), values of 5 -7 % are reached near 1 mA with a stronger drop towards higher current; the third case (Die B), lies in between the other two.
In order to reveal the cause for the relative performance reduction at higher currents, we correlate the behavior with other observations in as large a dataset as possible. Only in large datasets, causal relationships can be distinguished from random coincidence. In the following, we test three quantities for their correlation with EQE at the typical device operation current of 20 mA and at the current where EQE has its maximum. We consider the current where EQE has its maximum. We correlate this value with the forward voltage at the point where EQE has its maximum, and third, we test for a correlation with the dominant wavelength of the LED dies at the nominal current of 20 mA. All sets include the data from the same dies covering 160 epi runs with various actual growth parameters. The dominant wavelength at 20 mA for all those covers 500 -580 nm. The first question addresses the possible correlation of EQE at typical device operation current of 20 mA with EQE at its maximum. Fig. 2 relates the data together with a straight line of unity slope. For EQE < 2.5 %, we find dies to perform similar to Die C in Fig. 1 : the EQE maximum is reached at 20 mA. For higher efficiency, devices behave more like Die A where EQE at 20 mA scales at about 2/3 of the maximum EQE. Overall, the maximum in EQE at low current is a clear indicator of device performance at high current. The following correlations will therefore be established with respect to EQE at the maximum as the most unique point in the characteristics.
The notion of an emission wavelength dependence of the efficiency is tested in Fig. 3 a) . We find that across the samples of our development effort, there is no universal correlation. We find a strong variation of the maximum in EQE from 2 % to 8 % in dies near 525 nm. This is a logical consequence of an effort targeting this wavelength range. On the longer wavelength side, there is a thinly populated trend of decreasing EQE reaching 2 % at 540 nm and 1 % at 570 nm. In a previous analysis, we found a better correlation within individual subsets that only represent certain stages of epitaxial development. 
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The motivation for a possible correlation with forward voltage draws from the fact that polarization induced bandoffsets are thought to add to the voltage drop across the junction, while charge separation in a polarization field could limit EQE. [9] [10] [11] The corresponding data (Fig. 3 b) shows a general trend towards higher forward voltage in devices with lower maximum EQE. This finding is in qualitative agreement with the above hypothesis. The trend is accentuated by the data of two individual die measurements with EQE at 8 % and forward voltage near 2.7 V. These dies also exhibit a long dominant wavelength near 530 nm.
The strongest correlation, however, is found with the actual current at the EQE maximum. In Fig. 3 (a) , two populations with minimal scatter of data can be distinguished for currents below and above 10 mA, respectively. The narrow distribution goes well across the different epitaxy optimization stages included in this sample set. Below 10 mA, a clear common slope can be identified connecting EQE = 6 % at I = 0 mA and EQE = 0 at I = 10 mA. The latter, however, is not being reached. Near and above 10 mA, EQE = 2 % and trails off with a weak slope for higher EQE-maximum currents. These results indicate that the highest EQE maximum should be achievable when it happens at very low currents.
This statement goes far beyond the previous observation that EQE is higher at lower currents in one individual die. [3, 4] It rather supports the notion that the reduction of EQE is an increasing loss factor at higher currents rather than a system limitation. On the other hand, it strongly suggests that at very low currents, non-radiative recombination centers limit the performance of lesser performing dies. Through the above shown direct correlation of EQE in its maximum and EQE at typical high current operation points, these arguments can be extended directly to the LED overall device performance. 
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Strong correlation is also found for forward voltages at different currents. Fig. 4 shows that the voltage at 20 mA scales very closely with the voltage at 1 mA. The slope is 1.19 from the linear fitting with minimum standard deviation and intercept with the origin. This implies that the I-V behavior of all LED dies follows a simple scaling law. 
CONCLUSIONS
We systematically analyzed the electroluminescence spectrally and quantitatively of a large set of GaInN/GaN LED dies fabricated from over 160 epitaxy runs covering the wavelength range from 390 -580 nm. In green LED dies, three very distinct populations of the external quantum efficiency behaviors are observed. Also, we find a strong correlation of the EQE maximum value with the forward current in this point in green LED dies. There is a weaker correspondence with the forward voltage and the dominant wavelength. The forward voltage in green LED dies at 1 mA and at 20 mA shows a very good linear relationship. All those characteristics are meaningful traits to converge to a physical model for the enhancement of green and deep green GaInN/GaN LED performance.
